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ABSTRACT
Solid state battery technology is motivated by the desire to deliver flexible power storage in a safe and efficient manner.
The increasingly widespread use of batteries from mass-production facilities highlights the need for a rapid and sensitive
diagnostic for identifying battery defects. We demonstrate the use of atomic magnetometry to measure the magnetic fields
around miniature solid-state battery cells. These fields encode information about battery manufacturing defects, state of
charge, impurities, or can provide important insights into ageing processes. Compared with SQUID-based magnetometry, the
availability of atomic magnetometers, however, highlights the possibility for a low-cost, portable, and flexible implementation of
battery quality-control and characterization technology.
Keywords: Rapid online diagnostics; Atomic magnetometer; Solid-state battery; magnetization; magnetic suscepti-
bility
1 Introduction and Background
Lithium-ion rechargeable batteries (LIBs) currently are considered the most promising secondary battery technology to power
mobile devices, electric transportation, and power tools. Conventional LIBs typically employ liquid or gel-based electrolytes.
These are often volatile and flammable, which gives rise to safety concerns1, 2. Solid-state batteries incorporate ion conducting
solid electrolytes instead, which avoid the issue of volatility and leakage. Among other things, solid electrolytes allow the
use of electrode materials with high voltages (>5 V), because of their wider electrochemical window. Furthermore, the use
of solid electrolytes could enable the use of lithium metal anodes, thereby providing a viable pathway for higher capacity
devices, while maintaining the inherent safety of the battery3. Significant technological challenges need to be overcome to make
solid-state-based LIBs a wide-spread reality, including, for example, the facilitation of fast ion transport and the establishment
of good interfacial properties between electrodes and the electrolyte medium.
All these factors highlight the need for the development of advanced diagnostic methodology that would allow proper device
characterization at different stages of a battery’s life. Currently used techniques which can give in-situ/operando information
include ultrasound diagnostics 4, synchrotron-based scanning transmission X-ray microscopy 5, X-ray micro-diffraction 6, and
Raman spectroscopy 7. Manufacturers typically perform electrochemical testing and limited 2D X-ray scanning 8, 9. X-ray
tomography is another powerful (but costly) tool that is generally too slow for high-throughput use with commercial cells 8, 10.
Ultrasound diagnostics are useful for characterization of cells based on changes in density and mechanical properties 11, 12, but
do not allow non-contact measurements limiting their broad application.
Rapid techniques that can be used non-destructively are typically limited to electrical impedance spectroscopy, and lately
ultrasound techniques.
Recently, it was also demonstrated that magnetic susceptibility changes within cells could be measured without contact, and
non-destructively using an inside-out MRI (ioMRI) technique that used the 1H nuclear spin resonance frequencies in water
to measure the susceptibility-induced magnetic field changes surrounding a cell when placed in a strong magnetic field13. It
was further shown that the changes in the magnetic susceptibility could be tracked across the charge-discharge cycle, and that
these changes followed the expected trends of the lithiation state of the cathode material. This approach therefore provided
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a single-point state-of-charge measurement and allowed for the identification of inhomogeneities or non-idealities of charge
storage in electrochemical cells 13. Extensions of this method have been developed to encompass the characterization of
electrical current distributions (operando)14, robust imaging protocols in the presence of strong background magnetic fields
or distortions15, 16, and a technique for mapping alternating magnetic fields produced by applied AC currents17. The latter
approach is developed with the goal of providing a type of localized electrical impedance spectroscopy. It was shown that
ioMRI and an ultrafast inside-out NMR technique can be used to classify cells based on different types of defects13, 18.
Superconducting quantum interference device (SQUID) based magnetic properties measurement systems (MPMS) were
used to demonstrate the relation between battery charge state and susceptibility in the lab 20–23. An MPMS is usually used to
measure the material susceptibility with high precision, and it contains two main parts: a SQUID magnetometer to measure the
induced field from the sample and a superconducting magnet to provide the background field. The MPMS used in this work fits
well for material-properties evaluation, but measurements are time consuming and cannot be done with a full-size commercial
cell, due to the limitation of the sample size [<(6×6×9 mm3)].
Figure 1. Experiment setup.
Our previous work introduced a diagnostic method 25 based on atomic magnetometry. The rationale for this approach
was the possibility to use these very sensitive sensors (pT/
√
Hz to fT/
√
Hz sensitivity) to report on tiny magnetic field
changes around cells as a function of charge state. Tested on Li-ion pouch cells, the measurements showed sensitivity to
microampere-level transient internal currents and changes in the magnetic susceptibility of the battery depending on its charge
state. The susceptibility measurements involved a long, flat solenoid piercing a magnetic shield, with magnetic field sensors
placed outside the solenoid [see Fig. 1]. In this configuration, the sensor does not “see” the magnetic field of the long solenoid;
however, it is fully sensitive to the induced field produced by the battery in the presence of the solenoid field.
Here, we extend the measurements to miniature commercial solid-state batteries (both operational and defective) and
benchmark the atomic-magnetometer results with those based on SQUIDs (Quantum Design MPMS-XL-5). The sensitivity of
atomic magnetometers provides opportunities for device characterization to sense small differences in magnetic properties as a
function of device history or state.
For these chip-based cells, in particular, overheating leads to loss of saturation magnetization, and hence is easily identifiable
in the measurements. The studies are further supported by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) in order
to identify the composition of the cells under study and the origin of the magnetization in these measurements.
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Figure 2. (a) Rechargeable solid-state battery (CeraChargeTM) from TDK Corporation [www.tdk-electronics.tdk.com]. (b)
Z-Y cross-section view of the battery24.
2 Materials and methods
2.1 Solid-state battery cells
All the measurements were performed on a commercially available all-ceramic solid-state battery (CeraChargeTM), which is a
rechargeable surface-mount device (SMD) pictured in Fig. 2 (a). The battery is designed as a chip-scale multi-layer passive
component. It incorporates a Li-based ceramic solid electrolyte. The central copper electrode is used to collect electrons [see
Fig. 2 (b)]. The capacity of the battery is 100 µAh at a rated voltage of 1.4 V.
2.2 Measurement apparatus
The measurements in our setup25 were automated with the use of a “conveyor-belt” moving the battery across the measurement
region within a second. The belt moved the battery past the sensors for scanning along the z-coordinate. The cell was
automatically translated along the x direction for the next scan while it was transported back to the original z position. Magnetic
field maps recorded with the solenoid-current turned on, were consistent with maps expected for a rectangular block with
approximately uniform susceptibility (similar to a dipole-field), and the induced field could be calculated precisely. All
measurements in this work were carried out at room temperature.
2.3 Cell preparation and analyses
The cells are prepared in different states, which include healthy cells that can power the equipment like the LED normally,
broken cells (that were heated to a high enough temperature that the voltage after cool-down is zero, and that can no longer be
recharged to a level where they can power equipment), “healthy” cells (that can power equipment normally) demagnetized with
a degaussing machine and magnetized with a permanent magnet with a field of 0.05 T applied for 20 s.
The SQUID-magnetometry measurement was carried out with a commercial setup (Quantum Design MPMS-XL-5), and a
gelatine capsule was used as a sample holder to position the cell.
For each ICP-MS measurement, two cells were microwave-digested in 4 mL HNO3 at 210◦ C. In order to dissolve further
inorganic components, in a second step, the digestion was repeated with 1 mL HCl at the same conditions. The sample
was subsequently diluted to 50 mL with 18 MOhm water. Low concentrations were measured from this solution and highly
concentrated elements after 1:100 dilution with 1% HNO3. ICP-MS measurements were performed using an XSeries 2, Thermo
Scientific ICP-MS instrument.
3 Results and Discussion
The MPMS measurements show that the cells under study here produced stronger induced magnetic field than the cells studied
in the earlier work25. In addition to paramagnetic behavior, a dominating ferromagnetic behavior is observed [see Fig. 3 (c),the
grey bar is the variation]. From the B-H curve, we can infer that our system behaves predominantly as a soft ferromagnetic
material but contains a hysteresis loop in the low-field region (see inset).
An examination of ICP-MS results [see Table. 1] indicates that a possible origin of the ferrormagnetic components is nickel
metal. While nickel can also be a component of cathode materials, for typical cathodes, the amount identified is much lower
than what would be needed to account for our observations, for example for different types of Nickel Manganese Cobalt
Oxide (NMC) materials26. The assumption that the saturation magnetization determined from SQUID magnetometry is due
to metallic nickel is supported by the amount of nickel measured by the ICP-MS method. The saturation magnetic field for
nickel is 58.57±0.03 emu/g27, the nickel’s weight difference between cells is around 0.99×10−3 mg, therefore we obtain the
saturation magnetic field difference as approximately 0.6×10−4 emu ( =6.19µT ), which fits the experiment results very well
[see Fig. 3 (c)].
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Figure 3. (a) Induced magnetic field of the healthy cell and broken cell measured with MPMS. (b) Induced magnetic field vs.
background magnetic field as measured by the SQUID-based MPMS. (c) Induced magnetic field map of the healthy cell and
broken cell. (d) Induced magnetic field map of the cell after degaussing and magnetizing.
Figure 3a shows MPMS measurements for a healthy cell and one that was overheated above its highest working temperature
of 80◦ C. As seen here, the B-H curves are indistinguishable. The inset shows the induced magnetic field values extracted from
these curves by a linear fit in the field region above and below ±1 T.
Figure 3b shows the comparison of the measurements performed using the atomic magnetometer. For 40 different measured
cells (20 healthy and 20 broken ones), the broken cells always showed a different magnetic field pattern, and induced field of
broken batteries was weaker; the upper plot in this figure shows the overlaid data, the middle plot is the induced field map, the
bottom image shows that healthy and broken cells do not differ in their outward appearance.
In order to provide an independent verification for the origin of the magnetization that gives rise to the measurements,
we performed these measurements by first pre-magnetizing the cell with a 0.05 T magnet and comparing the measurement
with one from a cell that has undergone degaussing. The results show that the pre-magnetized cells show similar values as
the healthy cells measured, and the degaussed cells show significantly reduced magnetization, similar to the broken (heated)
cell[see Fig. 3 (d)].
As the results show, our battery scanner could rapidly measure that the magnetization becomes weaker or stronger, depending
on whether the cells are either degaussed or magnetized. In particular, these measurements allow one to immediately conclude
that a cell has been overheated, for example, something that is of concern for chip-based devices.
MPMS is an ideal tool to study magnetic properties of materials, and is widely applied to the battery prototype research23.
It can evaluate the charge-state of the battery precisely by monitoring the transition metal’s magnetic property during the charge
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element unit value
Li mg/kg 12685 ± 500
Mg mg/kg 4
Al mg/kg 417 ± 60
K mg/kg 103± 9
Ca mg/kg 24
V mg/kg 27889 ± 2000
Cr mg/kg 42
Mn mg/kg —
Fe mg/kg —
Co mg/kg —
Ni mg/kg 240 ± 22
Cu mg/kg 188628± 9000
Zn mg/kg 271
Pb mg/kg 6
Table 1. Elemental content of the cell measured with Inductively Coupled Plasma Mass Spectrometry. The mass of the cell is
0.045g. Mn, Fe, and Co could not be detected above the detection threshold.
or discharge period20, 31. In this work, MPMS could provide a high background magnetic field (-4 to 4 tesla) providing access
to the complete B-H curve, while our piercing solenoid system could only provide a stable background magnetic field from
-80 to 80 µT. However, the resolution of the MPMS background field is 33 µT, the resolution of our setup background field
is 30nT. Our system does not have the residual magnetization problem, while the MPMS leaves a residual magnetic field
of ≈ 500µT. Finally, the atomic magnetometer system had a sub-pT sensitivity, while the MPMS sensitivity was 1×10−8
emu, corresponding to around 12.6 pT. Thus our system is better suited for measurements at low fields, in order to identify
ferromagnetic contributions influenced by temperature30[see Fig. 3 (b)].
Furthermore, the atomic magnetometer setup could produce a diagnostic map of the battery cells’ induced magnetic field
within 20 s, providing resolution of the distribution of magnetic particles. A high-speed motor or a magnetometer array
instead of a single sensor could even be used for these non-contact diagnostics of batteries in a sub-second time scale. These
measurements can be performed in-situ and operando with different-sized cells and under factory conditions. We show batteries
damaged by heating can be identified; this is particularly important for surface-mounted devices.
The magnetic field detection sensitivity of our setup is better than 400 fT/
√
Hz from 1 to 150Hz, which could help to detect
a milligram difference in nickel content between cells. The dynamic range of our atomic magnetometer is approximately 5
nT, which also puts an upper limit on the nickel concentration. Recent developments in earth-field atomic magnetometers
with larger dynamic ranges28 could solve this problem. These direct magnetic field measurements with atomic magnetometers
provide hitherto inaccessible opportunities for cell characterization, classification, and monitoring in research and industry.
Apart from battery diagnostics, the technique can be applied to general magnetic-susceptibility based diagnostics, as well as for
residual magnetization measurements, for example, in rock-magnetism studies and magnetic materials testing32.
4 Conclusion
We have examined here the possibility of using atomic magnetometers to characterize the magnetic properties of rechargeable
solid-state Li-ion batteries, in a rapid, non-destructive and non-contact fashion. The measurements are compared to SQUID
magnetometry based measurements and supported by an elemental analysis. The magnetic components (nickel) in the cells
are determined to be the source of the measured magnetization, and atomic magnetometry provides a convenient means of
determining whether cells have been overheated. In a broader sense, atomic magnetometry provides sufficient sensitivity to
sense the dependence of the magnetic susceptibility on the charge state and to identify certain defects or cell history. Given the
difficulty of characterizing solid-state cells, such non-destructive and non-contact techniques could become useful tools in the
analysis of cells at different stages of their life cycle.
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